Social cues, often in the form of priming pheromones, can retard or enhance the rate of sexual development in a variety of mammals. The complex interactions between the social environment and reproduction have been explored most thoroughly in the house mouse. A urinary pheromone produced by females in a group inhibits sexual development, and a urinary pheromone from adult males accelerates onset of puberty in juvenile females. These priming pheromones apparently are detected by the vomeronasal organ and induce the changes in ovarian function via changes in the hypothalamic-pituitary system. Accelerated onset of puberty is not accompanied by deficits in reproductive performance. Puberty acceleration can have important management implications for domestic farm animals. It already is proving useful for manipulation in rearing swine and in synchronizing seasonal reproductive recrudescence in sheep. In cattle, the results are less clear that signals from the bull can hasten onset of puberty in heifers. The effect may be operable only under certain nutritional or other interacting conditions. Presumably, the postpartum anestrus period in the cow can be shortened by stimulation from the bull, although pheromones have not been implicated in this effect.
presence of steroid hormones. During development and adulthood, the brain, through the use of small peptides, can induce or inhibit release of gonadotropins and other pituitary hormones. Recognition that specific areas of the brain (i.e., the hypothalamus) control onset of reproduction either at puberty or at seasonal intervals and regulate the cyclicity of the ovary during adulthood provides the link needed to understand how environmental signals can modify reproductive events (Goy and Goldfoot, 1973; Whitsett and Vandenbergh, 1978) .
Human experience and observation of animals have revealed that environmental factors such as seasonal changes or social stress can influence reproductive performance. Recently we have become aware that stimuli resulting from normal social interactions also can have important modulating effects on reproduction of animals. Work on ring doves (l.ehrman, 1965) and studies by several other investigators have resulted in much research in this area.
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In this presentation I will examine several studies of how social interactions between individuals can modulate onset of puberty. Examples of basic research to be discussed using laboratory animals should stimulate harther examination of these processes in domestic farm animals. Remarkable advances have been made in the reproductive performance of farm animals as a result of advances in our understanding of their genetics, nutrition and reproductive physiology. The opportunity for making continued advances will be enhanced if we add to this list a fuller understanding of the coordination between the behavioral and physiological events that regulate reproduction.
Suppression of Reproductive Development

Primates
An excellent example of the powerful influence of normal social interactions on reproductive development recently has been reported by Ziegler et al. (1987) . Callitrichid monkeys are small South American primates, commonly called marmosets and tamarins, that usually live in small family groups consisting of a breeding pair and their offspring (Dawson, 1977; Neyman, 1977) . Studies of such groups in captivity have shown that female offspring who remain with their natal groups have suppressed fertility (Epple and Katz, 1984; French et al., 1984) . The suppression of fertility can continue long after a female is capable of being sexually mature at about 1 yr of age. In one case, a female reached 42 mo of age without showing ovarian cyclicity when housed with a dominant female (French et al., 1984) . Ziegler et al. (1987) measured urinary LH and estrone to monitor the ovarian cycles of 14 female cotton-topped tamarins, Saguinus oedipus, while these subjects were living in family groups and after their removal from the family group. They also tested whether onset of ovarian function could be enhanced by the presence of a potential male mate. While living in family groups, the females excreted LH and estrone but at concentrations slightly below those seen in breeding females; no cyclicity was demonstrated. While the females remained in the family group, the normal positive feedback mechanism between LH and estrogens was not present. When separated from the group but held in isolation, the females showed hormone concentrations within the normal range but no cyclicity, although variability among the females was large. Upon pairing with an unrelated male, the urinary LH and estrone levels rose sharply in all females. These rises were associated with onset of cyclicity, conception and pregnancy.
These results are particularly interesting because they show that reproductive maturation proceeds while females are in a social group. Although the females showed reasonable concentrations of urinary LH and estrone, they failed to cycle. Thus, the suppressive effect of the group relates to onset of cyclicity, the final step needed for ovulation and conception. Others have shown that ovarian cyclicity occurs upon removal from the family group in marmosets (Epple and Katz, 1984; Evans and Hodges, 1984; French et al., 1984) . However, Ziegler et al. (1987) demonstrated that the females could conceive after removal from the group and placement with a male. From their results, it seems that the process of maturation continues during the period of inhibition in the family group, but the inhibitory signals must be replaced by stimulatory signals to result in cyclicity and conception.
The signals, or mixture of signals, resulting in either reproductive inhibition or stimulation are unknown. However, chemical signals could be involved. In the saddle-backed tamarin, Saguinus fuscicolus, exposure of a newly mated female to the glandular secretions derived from her former family group prevented normal ovarian cycles based on concentrations of estrogen (Epple and Katz, 1984) . Further, in an unpublished study, Ziegler found that females paired with unrelated males had delayed ovulation when exposed to the family's olfactory signal. More research is needed to explore the role of pheromones and other social signals on both inhibition and stimulation of cycles in these monkeys.
House Mice
Social signals also are known to inhibit sexual development or suppress adult ovarian cyclicity in a variety of mammals (Vandenbergh, 1986 ). The suppressive effects of social signals have been studied most extensively in the house mouse.
Grouping of female mice at weaning significantly delays their sexual maturation (Van- apuberty was determined by daily vaginal smears of females following daily placement of .05 ml water or diluted female urine on the nose. Data are from Drickamer (1984) . denbergh et al., 1972) . The signal transmitted among members of the group that causes this effect is contained in urine produced by fema/es (Drickamer, 1977) . Small quantities of urine applied to the nose of juvenile females produce this effect (Table 1) . Urine from grouped female mice was effective in delaying puberty up to a dilution of 1:1,000 (Drickamer, 1984) . Thus, as is true for many pheromonal systems, the chemical signal is effective even at a low concentration.
Production of the pheromone depends on the density of the group in which the female resides and duration of grouping (Coppola and Vandenbergh, 1985) . After 2 wk, females housed in groups of four began to produce the puberty-inhibiting pheromone, whereas in groups of six, only l wk was required before females began to produce it. Within 10 d after removal from the group, the females no longer produced the pheromone. These results and several other related findings (see reviews by Drickamer, 1981; Vandenbergh, 1986) led us to conduct a series of field experiments to determine whether the puberty-inhibiting pheromone could regulate population growth of house mice.
We found that females living in populations contained on segments of an interstate highway cloverleaf, a "highway island," begin to produce the puberty-inhibiting pheromone when the population reaches a dense state (Massey and Vandenbergh, 1980) or when the population is made more dense experimentally (Coppola and Vandenbergh, 1987) . These two studies using contained populations of mice in the wild suggest that the puberty-inhibiting pheromone can play a role in density-dependent regulation of populations. A delay of only 5 to 7 d in onset of puberty can have a powerful effect on population density because it lengthens generation time. The population dynamics of a rapidly breeding species such as the house mouse are sensitive particularly to changes on generation time (Cole, 1954; Drickamer, 1981; Vandenbergh and Coppola, 1986; Vandenbergh, 1987) .
Although suppression of puberty may be an interesting topic and may have consequences for regulating populations of some species, this topic is of secondary interest to animal scientists who are trying to achieve early puberty in domestic farm animals. Inducing puberty at an early age can reduce production costs because animals need care for a shorter period of time before they begin producing offspring. Obviously, this is true for puberty in the female if earlier puberty is not reached at the cost of offspring numbers, size and viability. In the next few pages I will review research on house mice from my laboratory and others that suggests that male stimuli can induce earlier puberty without a negative effect on the offspring.
Puberty Acceleration
House Mice
Rearing female house mice in the presence of adult males accelerates their sexual maturation (Castro, 1967; Vandenbergh, 1967) . Females reared in small groups with a male present show first vaginal estrus at about 37 d of age; if reared in the absence of an adult male, puberty occurs at about 57 d of age. Most of the male effect on the female's rate of sexual maturation was due to a chemical signal; the transfer of soiled bedding from a male's cage to that of a female accelerated development (Vandenbergh, 1969) . Later it was shown that the effective stimulus was contained in the urine of the male (Cowley and Wise, 1972; Colby and Vandenbergh, 1974; Drickamer and Murphy, 1978) . Thus, it was clear that a priming pheromone in male urine plays some role in determining the rate of sexual maturation of juvenile females. Hence, both an inhibiting, as described above, and a stimulating pheromonal system affect age of puberty in this species.
As is true for other known pheromonal systems, the active pheromone is effective at very low doses. Drickamer (1982 Drickamer ( , 1984 showed that a dose of .001 ml male urine per day delivered to the nose of a juvenile mouse from the day of weaning significantly accelerated onset of puberty. With a dose of .0001 ml/ d, the results were intermediate but still statistically different from water-treated controis. The effect was lost at a dose of .00001 ml urine/d. Female mice exposed to the urine for as little as 3 d either before or after weaning showed accelerated puberty, although the response to male urine was greater after weaning and close to the expected onset of puberty (Colby and Vandenbergh, 1974) .
Presence of the puberty-accelerating pheromone is dependent on the androgen state of the male. Within 10 d after castration, urine of males loses the ability to accelerate puberty. Replacement by injections of testosterone propionate restored the potency of urine within 2 d (Lombardi et al., 1976 ). An interesting finding related to the androgen dependency of the pheromone is that the social status of the male also can influence his ability to excrete the pheromone. When two males are caged together, one becomes dominant. When urine from the dominant male and the subordinate male was delivered to juvenile females, only urine from the dominant male hastened puberty (Lombardi and Vandenbergh, 1977) .
The finding that the puberty accelerating pheromone was androgen-dependent suggested that it may be either a metabolite of testosterone or some substance(s) regulated by testosterone. Several studies tested testosterone metabolites and fractions separated by gas chromatography (unpublished work). None of these produced promising results. We then explored the possibility that it was a substance or mixture of substances regulated by androgens. Interestingly, the urine of house mice, and of several other rodents, contains a high concentration of protein that is androgendependent (Thung, 1962; Finlayson et al., 1965) . We confirmed these findings and found a relationship between total urinary protein and potency of the puberty-accelerating pheromone (Lombardi et al., 1976) . Using a series of simple chemical techniques, we found that the puberty-accelerating pheromone was heat-labile, non-dialysable, precipitatable with ammonium sulphate, and was not extractable with ether (Vandenbergh et al., 1975) . Each of these results is concordant with the notion that the pheromone is a protein or protein-like material.
Further separation of urinary components was conducted using dialysis and sequential ultrafiltration. All separated fractions proved to be capable of accelerating sexual maturation in female mice, suggesting that the substances(s) had relatively low molecular weight . Chromatography of the lowest molecular weight fraction using Sephadex G-15 yielded several fractions, only one of which was active. The active fraction eluted at a position corresponding to a molecular weight of 860 daltons. Paper chromatographic separation of the active fraction permitted several additional tests to be run. These suggested that there were no detectable steroids present, but there was a positive response for peptide or peptide-like substances in the fraction ( Vandenbergh et al., 1976) . Attempts at further characterization of the substance in my laboratory and others have been unsuccessful. Reports that substances other than peptide or peptide-like substances are involved in accelerating puberty have emerged from other laboratories. In a recent report, Nishimura et al. (1983) presented evidence that active and inactive gas chromatographic fractions of male urine differed in their content of isobutyamine and isoamylamine. Confirmation that either of these compounds or a mixture of them can accelerate puberty awaits further testing.
Considerable progress has been made in identifying the receptor in the female for the puberty-accelerating pheromone and the endocrine consequences of exposure to it. The sensory mechanism for reception of the chemical signal resides in the vomeronasal organ. In most mammals, higher primates being a prominent exception, the vomeronasal organ is a tubular structure lined with specialized olfactory epithelium that detects compounds of high molecular weight in the environment. It communicates directly to portions of the brain that regulate reproductive events via the accessory olfactory bulb (Wysocki, 1979 (Wysocki, , 1987 Meredith, 1983) . Vomeronasalectomized juvenile female mice failed to respond to bedding material soiled by males (Lomas and Keverne, 1983) , suggesting that the vomeronasal organ is the site of reception for the male pheromone.
After the pheromonal signal is received, neuroendocrine events occur that are not yet well understood. Studies are currently in progress in my laboratory that may help to link the priming pheromone with consequent reproductive changes. It is known that within 2 h after exposure to an adult male or his urine, Vandenbergh et al. (1972) .
concentrations of LH in juvenile female mice will double. Within 60 h, the ovulatory surge of LH occurs. During this period estrogen concentrations rise and have a hypertrophic effect on the uterus (Bronson and Desjardins, 1974; Bronson and Macmillan, 1983) .
Females that mature early as a result of male stimulation show the same reproductive performance as females that are mated at a later chronological age (Vandenbergh et al., 1972) . Females that were exposed to adult males at weaning became pregnant at a mean age of 28 d (Table 2 ). Size of their litters and birth weight of their pups did not differ from those of females mated at 60 to 80 d of age. In a related study, Eisen and Leatherwood (1976) showed that females mated at a mean of either 29.4 d or 51.5 d were able to adjust physiologically to pregnancy at an early age. In fact, younger pregnant females showed greater BW gains from mating to parturition in protein, ash and moisture, whereas feed intake was similar to that of females mated later. In subsequent work, the influence of accelerated maturation on growth and reproductive performance of female mice was shown to be influenced by genetic strain (Eisen, 1980) .
Domestic Farm Animals
The phenomenon of puberty acceleration of females by signals from the male has been found in a wide variety of mammals (Vandenbergh, 1983) , including several important domestic farm animals (Izard, 1983) . Among these is the pig (Brooks and Cole, 1970) , in which the submaxillary gland of the male has been suggested as a source of the pheromone (Kirkwood et ai., 1981) . In heifers, results of tests of the effect of the male on pubertal onset have been inconsistent. Berardinelli et al. (1978) found that the presence of a teaser bull for 3 wk had no significant effect on the onset of puberty in Angus or Hereford heifers. Similarly, Macmillan et al. (1979) tested whether heifers housed together with vasectomized bulls for 18 to 21 d before artificial insemination attained puberty earlier than controls. In both Simmentat x Angus and Angus heifers, bull exposure had no effect on occurrence of estrus. They did, however, find a significant increase in percentage of suckling cows coming into estrus after exposure to a vasectomized bull. Roberson et al. (1987) explored the possibility that the presence of a bull could accelerate onset of puberty in heifers. Their results failed to demonstrate any significant effect of penning heifers with bulls up to 152 d. Izard and Vandenbergh (1982) examined effects of exposure to bull urine on percentage of crossbred beef heifers reaching puberty as measured by ovarian palpation and blood concentrations of progesterone. A larger percentage of urine-treated heifers than of watertreated heifers reached puberty during the observation period. Heifers in both treatments had the same pregnancy rate, but urine-treated heifers calved significantly earlier than watertreated heifers. These results suggest that there may be a priming pheromone in bull urine that affects sexual development in heifers. Parenthetically, bull urine was found to be without effect on pubertal onset in juvenile female house mice (Izard, unpublished observation) .
The inconsistent findings on the male accelerating effect in cows may be attributed to differences in breed, duration of exposure to the bull, nutritional status of the animals or other experimental variables. The potential for the male, or a male-derived pheromone, to have an effect on returning females to estrus after parturition seems more likely. Recently, Zalesky et al. (1984) exposed Hereford and Hereford x Angus beef cows to a bull either during the period immediately postpartum (d 3 to 53) or later when the cows were expected to have begun cycling. Progesterone measured in weekly blood samples indicated that the bullexposed cows returned to estrus earlier than
